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Abstract. ;;l A unew series of poly(organophosphazenes) with phenyl groups ;iiti
f bonded to the skeleton has been prepared by the polymerization of phenylhalo- ;&f}ﬁ
genocyclotriphosphazenes. In addition, evidence about the mechanism of chloro— f%ffj
l phosphazene polymerization has been obtained by halogen scrambling studies. . . ;—f%:
1-Phenyl-1,3,3,5,5-pentachlorocyclocriphosphazene, N3P3ClsPh (§3), undergoes ' :’:ZE

a ring-opening thermal polymerization at 250°C. The rasultant high 3
I polymer reacts with sodium trifluoroethoxide, sodium phenoxide, or piperidine i:: i
:o.yield poly(organophosphazenes) that are free from P-Cl bouds. 1=-Phenyl-~- ‘ ?
1 1-bromo~3,3,5,5,-tetrachlorocyclocfiphosphazene, N3P3Cl4BrPh (5b), also :
polymerizes ac 250°C but with scrambling of the bromine atoms between ;;";i
different phosphorus sites. The ctrimer, §§. itself undergoes halogen ‘

scrambling at temperatures as low as 178°C. The cyclophosphazanes, 33 or 5b,
copolymerize at 250°C with (NPCly)3. The copolymerization of 3a and N3P3jClsMe
provides a method for the synthesis of phosphazene polymers that bear both

alkyl and arylisubscicuenc groups. The trimers, 5b and N3P3Cl4BrMe, are
accelerators for the polymerization of (NPCly)3 ac 250°C, while 5& and N3P3ClsMe
are weak inhibitors. However, polymers -repared in the presence of these
ianhibitors had molecular weights similar to those prepared from pure (NPClj)j

or in the presence of the accelerators. The mechanistic implications of these

‘results are discussed. =
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Polymerizacion and Halogen Scrambling Behavior of Phenyl-Subscituted
Cyclocriphosphazeues1

Harry R. Allcock* and Mark S. Counolly

Department of Chemistry, The Pennsylvania State University,
University Park, Pennsylvania 16802

Received

Abstract. A new series of poly(organophosphazenes) with phenyl groups
bonded to the skeleton has been prepared by the polymerization of pheaylhalo-
genocyclotriphosphazenes. In addition, evidence about the mechanism of chloro-
phosphazene polymerization has been obtained by halogen scrambling studies.

1-Phenyl-1,3,3,5,5-pentachlorocyclotriphosphazene, N3P3ClsPh (58), undergoes

a ring-opening thermai polymerization at 250°C. The rasuyltant high

polymer reacts with sodium trifluoroethoxide, sodium phenoxide, or piperidine
to'yiald poly(organophosphazenes) that are free from P-Cl bouds. 1=-Phenyl-
l-bromo-3,3,5,5,~tecrachlorocyclotriphosphazene, N3P3Cl4BrPh (5b), also
polymerizes at 250°C but with scrambling of the bromine atoms between
different phosphorus sites. The trimer, 5b, itself undergoes halogen
scrambling at temperatures as low as 178°C. The cyclophosphazenes, 3a or b,
copolymerize ac 250°C wich (NPCl3)3. The copolymerization of 5a and N3P3ClsMe
provides a method for the synthesis of phosphazene polymers that bear both

alkyl and aryl substituent groups. The trimers, 5b and N3P3CliBrMe, are

accelerators for the polymerization of (NPClz)j3 at 250°C, while 53 and N3P3ClsMe

are weak inhibitors. However, polymers prepared in the presence of these

D . 'A"

inhibitors had molecular weights similar to those prepared from pure (NPClj)j 0 N
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or in the presence of the accelerators. The mechanistic implications of these m j
results are discussed. JE;"
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Ei High molecular weight poly(organophosphazenes) of formula (NP(OR)32l,,
:i (NP(NHR) 214, and [NP(NRp)2l, are gell-known.2‘9 These polymers are prepared
by the interaction of poly(dichlorophosphazene) (1) with alkoxides, aryl-
oxides, or amines. However, because these molecules possess organic side

units bouded to phosphorus through oxygen or nitrogen, reaction pathways exist

that permit decomposition or depolymerization at temperatures above 250°C.

Cl R
Cl R
1 2

An approach to emhancing the thermal stability of polyphosphazenes and
modifying their physical properties involves the synthesis of derivatives g
that possess alkyl or aryl groups bounded directly to the skeletal phosphorus
atoms. Such macromolecules would be analogues of alkyl- or aryl-polysiloxanes.
Earlier attempts to prepare such polyphosphazenes by the interaction of | with
organometallic teagencslo'lz revealed some serious difficulzies, since

metal-halogen exchange reactions and skeletal cleavage accompanied

substitucion,l2 However, Neilson and Wisian~Neilson have recently reported a

promising coundensation—-polymerization route that yields poly(alkyl- or alkyl-

o . B
N .

N .

O .

Ala e a-a o

aryl phosphazenes) of type 2.13

An alternmative approach being examined in our laboratory involves the

e
ettt ol a0 &

synchesis of cycloctriphosphazenes that bear alkyl or aryl side groups bonded




hl to the ring, and the polymerization of these species to linear polyphosphaz-
enes.14-16,18-19 Recently, we reported the first syntheses of l-phenyl-l-halo-
1 tetrachlorocyclotriphosphazenes, N3P3C14X(Ph) (§), and l-phenyl-l-alkyl-tetra-
hl chlorocyclotriphosphazenes, N3P3C1l,(Ph)(R) (§).19 In this paper, we describe

A the polymerization of these cyclic trimers and their use as initiators for the
1 polymerization of hexachlorocyclotriphosphazene, (NPClz)3. In addition,'chese
hl polymerization reactions provide a new ingight into the mechanism of

polymerization of halocyclophosphazenes.

Results and Discussion

Synthegis of the Cyclic Trimers. Cyclotriphosphazenes 2 and § were

syathesized by a new technique reported recently.19 The method {3 summarized
in Scheme I. It involves the reaction of a bi(cyclotriphosphazene) (3) with 2
equivalents of LiBEt¢3H in THF solvent. Treatment of the intermediate
triethylborata-sybstituted phosphazene anionm, 4, with procon releasing agents
leads to the formation of a hydridocyclophosphazene which, after treatment
with excess halogen in CCl;, gives species §. Compounds § were prepared in
which X was Cl, Br, and I. Alternatively, 4 reacts with excess alkyl halide
to give 6 in high yield. Compounds 6 were prepared where R was CH3, C2Hs,

a-C3Hy, a-C4Hg, i-C3Hy, and -CHCH=CH;.
Scheme I near here

The focus of this polymerization study was on the reactions of species 3
ia which X is Cl and Br, and compounds § in which R is CH3 and a-C4Hg. These

compounds yielded the most useful mechanistic information.

PR

It should be noted that extensive efforts were nade to ensure that the

purity of 5 and 6 was uniform before the polymerization experiments were

e

carried out, Failure to do this would alter the results markedly,
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e 4
h Homopolymerization Reactions. Rigorously purified samples of § ]
“ polymerized ac 250°C. This process is depicted in Scheme II. The
' polymerizacion of §§ leads to halogen scrambling, and this will be discussed .i
_ in a later section. »--
F Scheme II near here ' ‘
Marked differences in polymerization behavior were found for the ‘
different variants of species § When X was Br (213), the trimer polymerized ‘«;
readily during 4.5~24 h at 250°C, whereas, when X was Cl (5a), louger . '.:
polymerization times were required (20-~56 h). Species 5b polymerized at
200°C, and 5a polymerized at temperatures as low as 225°C. However, these .
processes required very loag reaction times (26 and 13 days, respectively). -
Prolonged heating of § led to crosslinked polymers. The presence of a bromine
atom geminal to the phenyl group in § appears to facilitate polymerization. ]
The mechanistic implication of this will be discussed later. 1j_l'-ﬂ+
Polyphosphazenes that contain phosphorus-halogen bonds are hydrolytically :
unstable.b Therefore, full characterization of polymers Z was undertaken oaly ~
after all the halogen atoms had been replaced by organic residues. Model ’nﬁ
studies with related cyclotriphosphazenes and bi(cyclophosphazenes) indicated
that complete halogen replacement could be expected with the use of trifluoro~ ‘
ethoxide ion, phenoxide ion, or piperidine.lb'l“nls Thus, the various polymers Mj‘
derived from 5 were allowed to react with sodium trifluoroethoxide. The
polymer obtained from 3a was also allowed to react with sodium phenoxide or j",; 4
piperidine. The characterization data for these derivatized polymers is -—1
summarized in Tables I and IV, ;
The general structure of these derivative polymers {s showan in 3, 9, and 1
10. These structures were confirmed by 3lP MMR and IR spectroscopy and by =]
elemental analysis, The trifluorcethoxy-substituted polymers derived from S
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§5 and 22 were found to be idencical. Moreover, both of these polymers were }*44
similar to an analogous derivative prepared previously via the polymerization

of N3P9FsPh, followed by treatment with sodium trifluoroethoxide.l®

At 250°C, rigorously purified samples of 6 yielded a broad range of products
from oligomers to high polymers. For example, §§ became severely discolored and
ouly slightly viscous after 24 h at 250°C. No increase in viscosity was detected
even after 22 days at the same temperature. Mechyl chloride was identified as a
product from these reactions, and this suggests that the P-alkyl bonds cannot
survive for long periods of time in the relatively hostile environment aneeded to
bring about ring-opening polymerizacion.17 Similar degradative side reactions
have been reported earlier for alkyl-chloro-phosphazenes.13 In the preseant work,
treatment of the reaction products from 6a wich sodium trifluorcethoxide yielded
discolored, polymeric species with very broad molecular weight distributioas (104
->108). similar results were obtained with 6b. Thus, it appears that the
polymerization process is inhibited when two alkyl or aryl side groups are
present geminal to each other on the phosphazene ring. Explanations for this can
be made in terma of a lowering of the ceiling temperature, steric nindrance to
chain propagation, or the generation of inhibitory side products (see later).

Copolymerization Reactions. Cyclotriphosphazenes § copolymerized with

equimolar amounts of (NPClz)3 (l1) at 250°C (Scheme III).

Scheme III near here

The rate of copolymerization was faster when X was Br than when X was Cl,

= RS
- Halogen scrambling was detected in the formation of the copolymer derived from }1 R
ij 23. Therefore, structure £§ is an oversimplified represeatation. The ﬁf}?
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incorporation of P-Ph units into the copolymer was deduced from 3lp R —
spectroscopy and from elemental analyses (Table IV) of the derivative polymer ;L;i
13. The results suggested tentatively that the copolymerization reactivity of :lf{
38 was similar to that of (NPClp)3 and the reactivicy of 5b is greater than ﬁij
that of (NPClj3)j3.

Compound 5a also copolymerized with an equimolar amount of N3P3ClsMe BN

(14) during 29.5 b to yleld a polymer (15) thac contained both mechyl and

phenyl side groups linked to the skeleton (Scheme 1V).
Scheme IV near here

After reaplacement of the chlorine atoms by trifluoroethoxy groups to give Eé,
the copolymer was fouad to contain 10.0% mechyl and 5.8% phenyl substituents
(based on 3lp WMR and elemental analyses). These data are summarized in
Tables 1 and IV, Thus, the methyl-substituted trimer appears to be more
reactive in copolymerization than does Ja. This agrees with the faster
homopolymerizacion behaviorl® of 14 and could reflect the influence of side
group steric.hindrance on chain propagation.

Copolymerization of 6 with (NPC13)3, followed by treatment with sodium

trifluoroethoxide, ylelded discolored, polymeric materials that had broad

molecular weight distributioas (105 - >106) . These species were similar to -—
the products obtained from the analogous homopolymerization reactiong, and _{Sj
support the belief that the presence of two geminal alkyl or aryl units om a *55
phosphazene ring inhibits the polymerization process. ’ _:

Characcerizacion and Properties of the Organo-Substituted Polymers.

Py '

All the organo-substituted polymers and copolymers derived from 3 were :\wq

characterized by a combination of 3lp MR and IR spectroscopy, elemental

" - - - - - " ‘ = M L Pl PP P DU O O N D D DT Y ey - . " N - NP .
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analysis, gel perueation chromatography (GPC), and by differential scanning
calorimetry. These data are summarized in Tables I and IV, and in the
zxperin.nhal Section.

The infrared spectra (Experimental Section) were compatible with a
structure such as 8, 9, or 10. An intense absorption was detected between
1200 and 1300 cm~!, which is characteristic of the -P=N- skeleton.® The
spectra also showed characteristic absorptions for alkyl or aryl groups and
for the respective organic side groups (-OCHCF3, -0CgHs, or -NCsHig).

The 31p MR spectra of the derivatized polymers (Table I) contained two
broad areas of resonance. The first appeared between +19.3 and -6.3 ppm and
was assigned to P(R)(OR') nuclei. The second appeared upfield between =-6.3
aand -19.6 ppm and was assigned to P(OR'); nuclei. For the polymers prepared
via the howopolymerization of §, the ratio of these two unitcs (as measured by
integration of the areas under the two envelopes) was 1:2. The ratios of the
different units in the copolymers formed from 5 and other trimers were
measured in the same way. These ratios depended on the relative concentrations
of the trimers in the inicial mixture (see Table IV and Experimental Section).
Elemental analyses were used to confirm the various repeating unit racios.

The trifluorcethoxy— and phenoxy-substituted polymers are elastowmers.
Presumably, this property is due to the presence of the bulky phenyl groups
which disrtupt the chain symmetry and retard microcrystallite formation. By
coatrast, the homopolymers, (NP(OCH2CF3)2]l, and [NP(OPh)3],, are micro-
crystalline, film— and fiber-foruming macromolecules.2s3 The piperidino-
substituted polymer is a brittle, film—forming material.

The polymers had GPC average molecular weights of I x 106 or higher
(Table 1v).

The glass transition temperatures (Tg) for the organo-substituted

Lol teiteite oo P ";"L_""-‘j‘ L - ".i'-’g_n R VR SO Sy v y Py D - P
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polymers and copolymers are listed in Table IV. The values for 8, 2, and 10
were found to be 18-56°C higher than those of the related homopolymers
(NP(OCH2CF3) 21 (Tg = -66°C), [NP(OCgHS)2]q (Tg = -8°C), and [NP(NCsHjg)zlqa
(Tg = +19°C).3:3,6  This reflects the influence of the bulky phenyl
substituent on the torsional mobility of the polymer backbone. Polymers 8
derived from 5a and 3b had nearly identical Tg values. Similar results were
obtained for copolymers 13. Interestingly, the Tg value for 16 was almosc
fdentical to those recorded for 8 and [NP(QCH2CF3)1,67(CE3)0.331n (Tg =
-50°c).18 Apparently the presence of a co-substituent group on the average
every three repeat units along the polymer chain is more important than its
size with respect to influencing the chain flexibility.

Structure of the Polymer Derived from 5b. As described, samples of

rigorously purified 5b in the molten state at 250°C undergo a slow viscosity
increase over a period of several hours. If polymerization is allowed to
proceed until the reaction amixture i3 almost completely immobile, an
approxizately 882 conversion of 5b to polymer EZ is obtained, as measured by

3lp R techniques (Equation 1).

P q cl Br
N’ N 250 % | | 1
al e ~—f£(N=P)= (N=P) —(N=P)-(N=P) ~(N=P) J—
P |'v | 'w x|y |'z7n
Cl” NN "¢l Br a d] Be Br

Sb 17

Equation 1
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The 3lp R spectrum of this polymer in toluene contained resonances at
=-1.5, =19.8, =48.5, and ac ca -79.6 ppm (?1gurc 1).20 This contrasted with the
3l @ spectrum of the polymer derived from Ja, for which resonances were
detected only at -0.3 (33%2) and -19.5 ppm (67%) (in THF). These latter
resonances correspond to P(Ph)Cl and PCl; groups, respectively. Thus, the
spectrun of the polymer from 5b was compatible with a structure in which
exchange of halogen atoms had occurred among the several different phosphorus
atom environments. The assignments for the different resonances are summarized
in Table II, and the logic behind these assignments is as follows.

First, the resonances for 17 at -1.5 and ~19.8 ppm were assigned to P(Ph)Cl
and PClj units, respectively, by comparison with the spectra of the howopolymers
derived frow 5a and (NPCl2)j.

Second, the P(Ph)Br resonance was identified by comparison with the

spectrum of a polymer obtalned by the polymerization of N3P3ClsBrMe. The 31p
NMR spectrum of this polymer showed resonances at +10.3 , -8.1, -20.4, -48.9,
and at ca. -79.6 ppm (Table II).20 Results reported previouslyld for a
polymer derived from NqP3ClsMe suggested that the resonances at +10.3 and
=20.4 ppm could be assigned to P(Me)Cl and PCl; units, respectively.
Therefore, the resonance at -8.l ppm was attributed to P(Me)Br units. This
indicated that the chemical shift for this phosphorus atom is shifted upfield
by 18.4 ppm when chlorine is replaced by bromine. If a similar shift occurs
in che phenyl-bromo-chloro-phosphazene polymer (17), then the P(Ph)Br
resoanance should appear at ca. -19.9 ppm. This resonance would be hidden
beneath the PCl; resonance at -19.8 ppm. Thus, the observed resonance at
-19.8 ppm probably includes those from both the PCl; and P(Ph)Br units.

Third, the resonance at -79.6 ppm from EZ was assigned to PBrj units.

This resonance would be expected to be furthest upfield, a consequence of the
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high shielding of the phosphorus atoms by two bromine atoms. Furthermore,
statistically this resonance would be expected to bé the weakest in the
spectrum because of the low probability of replacement of two chlorine atoms

on the same phosphorus by broaine.

-; However, additional evideace for this assignment was obtained by the
preparation and study of the homopolymer, (NPBry),. A rigorously purified
i‘ sample of (NPBrj)j was polymerized at 220°C. This polymer was swelled by but
did noc dissolve in toluene. It showed a singlet in the 3lp spectrua at
- =79.5 ppm (PBry) after the trimer (NPBry)j (-44.2 ppm) and tetramer (NPBrj),
k: (~69.8 ppa) had been removed by extraction with hot toluene.

Fourth, the resonance at =48.5 ppm from 17 was assigned to PClBr units.

This was based on the spectrum obtained from a 1l:1 copolymer prepared by

heating (NPCl;)3 and (NPBrj)j at 220°C. This copolymer was insoluble in but
was swelled by toluene. After removal of cyclic species by extractioan with
hot toluene, the polymer showed resonances at -19.5 (PCly), =-47.5 (PClBr),
and -79.3 ppm (PBry).20

Fifth, to confirm that the assigned resonances were associated with
polyaer EZ and not¢ with oligomeric impurities, a councentrated solution of the
polymaer was reprecipitated from toluene into dry hexane. The integrated
areas and peak positions were identical (within the experimental error of the
¥NMR instrument) before and after reprecipitacioan.

Halogen Scrambling Reactions. The mechanism of the thermal

ring-opening polymerizations of halogenocyclophosphazenes is believed to ]

involve the ionization of halide ion from phosphorus.6’21 The main evidence ’ﬁ

for this was based on dielectric constant and electrical conductance changes ?fei

detected in molten (NPCl;)3 as the temperature was varied.22 Very little R
additional evidence for this mechansim has appeared in the last 20 years, even ;::i
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El though it is a key concept for the polymerization chemistry of these systeums.
_; The thermal behavior of 5b provides some important additional evidence.

As discussed, the conversion of 5b to its high polymer is accompanied by
?i halogen migration from one repeating unit to another. Moreover, new cyclic

2 trimeric phosphazenes such as 5a and non-gem-N3P3Cl3BraPh (18) are formed by

-

halogen migration processes, with the formatiou of 5a being the predominant
‘: reaction.23 These cyclic products were identified by 3p o, gas

g chromatography, and mass spectrometric :echniques.za No P-C bond cleavage
was detected, although discoloration was noted for some systems that could

iil indicate organic side group decomposition. This aspect will be discussed

later.

P
N N N7 NP N
cn\‘l, Il Be u\'L g _Br Cl\‘l’ Il Br
a” XN7 a a’ N7 Na a” XN e
18 9 20

Halogen scrambling was also detected when 5b was heated at temperatures

that were insufficient to promote polymerization. For example, no polymer

was formed (based on 3lp MR evidence) when §§ was heated at 178°C for 72 h.
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However, 31p WMR resonances were detected that corresponded to 3a (12%), gg
(852), and 18 (3Z). These conclusious were confirmed by the results of

gas chromatography/mass spectrometric experiments (GC/MS). The formation
of 18 must result from the interaction of 2 molecules of 5b to give 1
molecule of 5a and 1 molecule of 18. However, the product ratio of Sa

and 18 always deviated from the expected l:1 molar ratio. Therefore,

ic is speculated chat 18 decomposes under the reaction conditioms (and is a oo
source of discoloration of the molten reaction mixture). . T

Halogen migration within the trimer population was algo detected under

conditions that brought about the initial appearance of high polymer. For
example, after 72 h at 182°C, species 5b yielded <3% high polymer, as well as
Sa (34%), 5b (562), and 18 (9%), as deduced by a combination of 3lp MR and
gas chromatography analyses. Moreover, a new cyclotriphosphazene (~1%) was
detected by GC/MS techniques and was tentatively assigned the structure Eg.
This assignment was based on the chemical ionization mass spectrum (see
Experimental section), and on the assumed greater likelihood that a Pﬁlz unic
in 18 would undergo halogen exchange with B3r (from another molecule) to give
£2 than a PClBr unit would undergo a similar reaction to yield gg. No PBr;

units were detected among the cyclic species, but the possibility exists that

these might be present at concentratiouns too low to be detected by the 3lp wr . o
method.
Temperature has a strong ianfluence on these halogen exchange reactiloans,

It also has a profound effect on the polymerization process. The

.

R

polymerizacion of 5b at 250°C requires <24 h for completion. At 200°C, it B

..1

requires 25 days. ]
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RO

In view of these observations, the following question needs to be

ansvered: - Does the halogen migration detected in polymer lz result from

S e e
alatalgl. gy

halogen exchange before, during, or after polymerizatioa of 5b? Our results
are compatible with the idea that most of the halogen scrambling occurs before -

polymerization of the trimers (Scheme V),

Scheme V near here

Thus, EZ is, in fact, a copolymer of 22 with 25, 18, and possibly £2 and gg
(via pathway b and ¢ of Scheme V). In these terms, the P(Ph)Cl group ia l7 1is
derived froam ja, the PClBr groups from 18 or 19, and so on. The detection of
PBr; resonances in the 3lp ™R spectra of 17 could be construed as evidence of
the prior formation of 20. The evidence that halogen scrambling occurs mainly
at the trimer s-age is as follows.

First, sealed tubes of 5b were heated at 250°C and were analyzed by 3p
NMR techniques after 2, 4, 6, and 9 h reaction (which corresponded cto 11, 61,
75, and 882 conversion to polymer }Z). The integrated peak areas for all
resonances are listed in Table III. The high polymer formed initially (2 h,
113) gave no resonances that corresponded to halogen scrambled products. The

cyclophosphazenes had undergone only a small amount of halogen scrambliag at

this stage.25 Specifically, the species preseant were 5b (77%), Sa (19%),
and 18 (4%), as determined by a combination of 3lp MR and gas
chromatographic :echniquos.26

By the cime that a 6l% coanversion to polymer 17 had occurred, a ' ;
significant amount of halogen scrambling was detected for both the cyclic and
polymeric species. At the 38% conversion stage (the practical limitc for 5;*1
reproducible polymerization because of the high viscosity), the trimeric _tj

product consisted mainly of 3a, a result that is cowpatible with the slow
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polymerization character of this compound. Species 3b could not be detected by
3lp mm methods, but small amounts of 29 and £§ were detected by gas
chromatography. Significantly, the ratio of the different repeating units in
the final form of polymer EZ was virtually identical to that found for the
polymer formed during intermediate stages of the polymerizatiom reaction.
Moreover, proloanged heating of EZ to bring about crosslinking did noc alter the
composition significantly. This favors the view that most of the polymer was
formed from a mixture of halogen scrambled trimers that provided PCl;, PClBr,
PBrz, P(Ph)Cl and P(Ph)Br units.

Second, the heating of excess §§ with poly(dichlorophosphazene),
(NPClp)q, at 182°C for 72 h yielded a final polymer that contained less than
SZ PClBr units (by 3lp nm spectroscopy). However, under these conditions,
5b underwent halogen scrambling to give 3a (492), unreacted 5b (36%), 18
(12%), and the product tentatively identified as 19 (32). Thus, it appears
that trimer—-trimer halogen scrambling is faster than halogen scrambling
between trimer and polymer.

Third, polymer 17 was heated at 182°C for 72 h with excess 5a. After
this treatment, the polymer resonance from PBr; units had disappeared,
the PClBr resonance had decreased by 7%, PCl; + P(Ph)Br had increased by
9%, and P(Ph)Cl had increased by lX%. More significantly, the cyclotri-
phosphazene product mixture was found to comnsist of 5b (6%), 18 (0,2%), and
unreacted 5a (942) (based on 3lp ™R and gas chromatography). Thus, some
halogen exchange can take place between trimeric and polymeric species, but
it does not appear to be an important factor in determining the composition

of polymer lz, although it may account for che presence of residual 5b

and some Eg following the polymerization of 35b.
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il _ Thus, the final composition of 17 (Scheme V) appears to be mainly a

| consequence of copolymerization between halogen scrambled trimers rather

than a result of trimer—-polymer halogen scrambling in the later stages of the
hl polymerization reaction. More interesting, but yet unproved, is the possibility
{} that the halogen exchange process is an integral part of the initiation

A or chain propagation procesges (see the following section).

.‘ It should be noted that halogen exchange at phosphorus is a facile
process in other systems also. Mixtures of PCljy and PBrj undergo essentially
random halogen exchange at temperatures below 100°c.27 other tri- and

~ tetra-coordinate phosphorus halide systems behave in the same way.28‘3°

Influence of Other Trimers on (NPCl,)4q Polymerization. The browmocyclo-

phosphazene 3b polymerizes at a faster rate than its chloro- analogue, 3a. Hence,

it was of interest to examine the influence of 5b on the polymerization of
(NPCl3)3. When samples of (NPCl;)3 were heated at 250°C in the presence of 1.0
mol % 5b or N3P3Cl,BrMe, the polymerization rate was quadrupled. After treatzent
with sodium trifluoroethoxide to replace the chlorine and bromine atoms, the
resultant polymers were 1ndis:inguishablg from those prepared in the absence of
the bromophosphazene. Ou the other hand, species 5a or N3P3ClsMe in 1.0 mol %
concentration slightly retarded the rate of polymerization of (NPCLj)j.

The role of 5b or N3P3ClyBrMe as accelerators can be understood in the same
terms as those described for their "homopolymerization” reactions. However, it
was necessary to determine if this effect was due to the liberation of aolecular
bromine. It was found that 1.0 mol % of dry Brj retarded the polymerization of

(NPC1;)4.31,32

PP S G PP S > —y PPy - - . . B .
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The Polymerization Mechanism. We suggest that the cleavage of a P-Br bond

jl is an integral part of both the infitiation (mechanism a) and halogen exchange

processes (mechanism b), as illustrated in Scheme VI. The cleavage is depicted

bromine is involved.
Scheme V1 near here

*i as heterolytic, but a homolytic cleavage process cannot be ruled out when

3

: .
i As shown experimentally, the polymerization of 5b is faster than that of
i: §§. Moreover, in the polymerization of §§, the combined influences of halogen
exchange and polymerization have the effect of concentrating bromine in the

3 polymer rather than in the unpolymerized trimers. Hence the view that the P-Br

bonds are assoclated with the polymerization process appears to be sound.
Phosphorus-bromine bonds are weaker (to howmolytic cleavage) than are
phosphorus-chlorine bouds,33 but the relative propensity for ionization in a
med{ium of molten phosphazene is not known. Hence, the question of a free
radical versus an ionic initiation process cannot be settled from the present
daca.

In the absence of more definitive facts, we assume that speciss 21 begins
the chain propagation process. The ease of attack by species of type 21 on
another trimer molecule should depend on steric hindrance effects at the growing
chain end. A phenyl group at the chain end would be expected to bring about

some retardation, but the effect would be wmore serious when two organic groups

occupied the terminal site. This may explain why 6a and 6b do not yield
exclusively high polymers. Another contributing factor may be strong electron :ffu

supply from the terminal organic side units into the catioanic phosphorus "

LA

center, The fact that halogen exchange between trimers occurs at temperatures
below those at which polymerization takes place provides additional avidence
that chain propagation may be the slow step in this mechanism. Eventual chain -

branching or crosslinking could occur following thermal cleavage of P-halogen

Lh

o
R
Bk s 4

bonds from middle units.
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Experimental Section

Materials. Hexachlorocyclotriphosphazene, (NPCly)3, kindly supplied by

The Firestone Tire and Rubber Company, was purified by two fractional sub-

9; limations at 0.05 torr. Hexabromocyclotriphosphazene, (NPBrj)3, (Alfa Ventrou,
90%), was purified by three recrystallizacions from heptane aud three sub~
Ei limations at 0.05 torr. The Grignard reagents (Alfa Ventrom), LiBEtjH (Aldrich,
& 1.0 M solution in THF), alkyl halides (Aldrich), sodium spheres (Aldrich),
7 tribromomethane (Aldrich), and phenol (Baker) were commercial products and were

used as received. The copper complex, [n-BujPCull,, was prepared as reported in

the literature.34 Tetrahydrofuran (THF) (Curtin Matheson), l,4-dioxane (Curtin
Macheson), toluene, and hexane were distilled into the reaction flask under an
atmosphere of dry anitrogen from a sodium benzophenone ketyl drying agent.
Tatrachloromethane was distilled in a similar manner from phosphorus pentoxide,
while piperidine (Aldrich) and heptane were distilled from calcium hydride. Tri-
fluoroethanol (Halocarbon Corp.) was dried over 3 A molecular sieves before use.
The bromine (Aldrich 99.9982) was either used as received or purified further
by distillacion. This was accomplished by cooling bromine (=225 a@L) in a round
bottom flask by means of liquid nitrogen and allowing the bromine to warm to
roow temperature slowly and distill through a U-tube coanectad to another round
bottom f£lask cooled in liquid aitrogen. This procedure was performed under an
atmosphere of dry nitrogen. The chlorine gas (Curtin Mathesoa, UHP) was passed
through a trap cooled to -23°C with a bath of Dry Ice and o-dichlorobenzene.

Solvents used for gel permeation chrowmatography and precipitations of poly-

(organophosphazenes) were used as received., Precipitations of poly(halo— ]
phosphazenes) were performed with the use of dry solvents. All manipulations -]

and syatheses of poly(halophosphazenes) were carried out under an ataosphere of

S S Sy A L _aa . A
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dry oitrogen using standard Schlenk or dry box techniques.

Equipment. 3l R spectra were recorded on a Varian CFT-20 spectroumeter
operating at 32 MHz in the Fouriler transform mode. The data were processed
using the computer contained within the CFT-20 spectrowmeter. Positive chemical
shifts were downfield from externmal 85% phosphoric acid. A 45° flip angle was
employed in the Fourier transform data collection. To determine the feak
integration areas, a pulse reperition rate of 15 sec for halogen substituted
polymers and 30 sec for halogen substituted cyclic trimers was employed. Under
these conditions, the integrated areas were accurate to #3%, For cyclic and
polyweric phosphazenes with organic side units, a 3 sec pulgse repetition rate was
sufficient for £32 accuracy. lg MMR spectra were recorded on a Bruker WP-200
spectrometer operating at 200 MHz in the Fourier transform mode. The data were
processed using the computer coutained within the WP~200 spectrometer. Positive
chemical shifts were downfield from tetramethylsilane. Infrared spectra were
recorded on a Perkin Elmer 2818 or 283B infrared spectrometer. Samples were in
the form of films cast on NaCl plates. Microanalyses were obtained by Galbraith
Labs. Inc., Knoxville, Tenn.

Gel permeation chromatograms were obtained with the use of a Waters
Assoclates ALC/GPC 501 instrument fitted with a refractive index detector.
Sample coucentrations were 1.0% by weight. Acetone was used as the eluent for
all trifluorcethoxy substituted polymers, and THF was used as the eluent for all
phenoxy substitutad polymers. The columns cousisted of Corning porous glass
beads with four 2 ft. lengths of 3/8 in. wide sections containing 75, 175, 700,
and 2000 A stationary phase. Typical analyses were conducted with 2X
attenuation, positive polarity, 100-300 psi pressure, and 2.90-2.92 mL/min flow
rate. The instrument was calibrated with narrow molecular weight polystyrene

standards (Waters Assoclates), using THF as the eluent. Thus, molecular weight

hogin e |
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values for these polyphosphazenes are considered to be approximate.

Gas chromatography was performed with the use of a Varian Model 3700 gas
.' chromatograph using a flame ionizatioan (Hy/air) detector. The stationary ;;;
phase was 3.0% OV-101 on Chromosorb W-HP (2 meters of 80/100 mesh) to detect
cyclic phosphazenes, or Chromosorb 102 (2 meters of 80/100 mesh) to detect low
kﬁ molecular weight by~products. The integrated peak areas were determined from ‘ - ;
the product of the height of the peak at the midpoint of the bagse and the width

at half height. An analysis of the peak areas from a standard sample composed

of §§ and §§ indicated that the regsponse of the detector was proportional to ——a
the molecular weight of the components. Gas chromatography/mass spectrometry
(GC/MS) data (chemical ionization with the use of methane as a carrier gas) were
obtained with the use of a Fianegan 3200 mass spectroweter/gas chromacograph.
The data were analyzed with the use of a Finnigan 6000 data systeam. -
Glass transition temperatures were reacotrded with the use of a Du Pount 1090
thermal analyzer with a 910 differential scanning calorimeter. The data were
recorded for samples (ca. 10-20 mg) in crimped aluminum pans, with a heating 77;

rate of 20°C/min and a nitrogen flow rate of 30 aulL/min. The instrumenc was s

calibraced with a mercury standard (Tg = -38.9°C).

Synthesis of 3, §, N1P3ClsMe, and NqP3Cl,BrMe. These compounds were

prepared by syuthetic techniques described pteViOule.l6’l9

Polymerization Techaique. Hexachlorocyclcotriphosphazene, (NPCljy)j3, was

purified immediately before polymerization by an additional sublimation at 0.05

torr. The cyclotriphosphazenes § and § were purified for polymerization by
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three recrystallizacions from pentane or hexane, respectively, followed by five
vacuunm subliﬁations at 0.05 torr. Their purity was confirmed by lH MR
spectroscopy.

The polymerizatioan tubes, Pyrex glass, ca. 170 mm long, ca. 12 mm wide, ca.
8 mm inside diameter, ca. 2 mm wall thickness, with a counstriction ca. 30 mm
long and 30 um from the open end, were soaked in "Micro" (Intermatiomal
Products, Corp.) cleaning solution for 24 h, followed by five washings each with
tap water, distilled water, and distilled/deionized water. The tubes were then
dried in an oven at 130°C for 24 h, and were subsequently cooled to toom
temperature in a dessicator charged with activated silica gel. The tubes were
filled with the appropriate trimer, were attaached to a vacuum line, and were
evacuated for | h, after which time the pressure in the system was 0.05-0.02
torr. The tubes were sealed off at the constriction, were wrapped in aluminum
wire screen, and were placed on a rocking device in a Freas thermoregulated oven
preheated to the desired temperature. They were removed from the oven when the
viscosity of the molten reaction mixture was very high, and the mixture was
almost immobile. The tubes were then allowed to cool to room temperature,
opened in a nitrogen filled glove bag and, unless stated otherwise, the eantire
contents (cyclic and polymeric species) were then transferred to the reaction
flask for subsequent analysis and/or replacement of the phosphorus-halogen

linkages.

Polymerization of §. These compounds, purified and charged into polymer

tubes as described above, were heated at 250°C. Reaction times varied from 4.5
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=24 h for §§ to 20-56 h for 25. Discolotacién of the reaction products also
varied from light yellow for 5b to light brown for 3a. However, any
discoloration of the reaction products was subsequently removed after the
precipitation procedure. Typical couversions to polymer were 76% for Sa and 862
for 22, as determined by 3lp wr analysis of the reaction products. 25 was also
found to polymerize at 225°C, and 5b polymerized at 200°C; however, the reaction
times (13 days and 26 days, respectively) were considerably longer. The

polymers appeared to be identical to those prepared at 250°C.

Reaction of Z with Sodium Trifluoroethoxide. The high polymers, 7,
prepared from 5 were allowed to react with sodium trifluorocethoxide to replace
the hydrolytically unstable phosphorus-halogen bouds. The following is a typical
procedure. The adhesive, elagstomeric countents of the polymerizatioa tube that
contained polymer 7, derived from 5a (2.45 g, 6.29 wol), were dissolved
in THF (50 mL) and filcered under anitrogean to remove any glass fragments.

(The polymeric products derived from 5b were dissolved in toluene because the
P-Br linkages were suspected to react with THF). The polymer solution was added
dropwise over 30 min to a solution of sodium trifluorcethoxide (3 equiv, per P-X
bond) prepared from sodium (2.18 g, 0.095 mol) and ctrifluorcethanmol (12.4 g,
0.124 mol) in THF (150 mL). When the addition was complate, the solution was
heated to reflux for 72 h. After this time, the solution was allowed to cool to
room temperature, was coucentrated to ca. 25 ulL, and was poured iato aqueous HCl
(0.05%Z, 1800 alL). (The concentrated solution of products derived from 3b was
poured into hexane (1800 mL) initially because of the toluene present). The

polymer which precipitated from this solution was filtered off, washed with

-
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distilled/ deionized water, dissolved in a minimum of THF, and precipitated into
di{stilled/deionized water (1800 mL). Two further precipitations of polymer 8
from THF ianto hexane (1800 mL) gave the product as a white elastomer (0.89 g,
262). The polymers 8 derived from Sa or 5b were identical after derivatization
with sodium trifluoroethoxide. Characterization data are listed in Tables I
and IV. The infrared spectrum of [NP(OCH2CF3)],57(CgH3)0,33)a (8) contained
peaks at 2950m, 2880w (vCH); 1410m (vPOC); 1275vs, 12358 (vPN); 1165vs (vP0O);

1075vs (uC0); 995s (vP0); 865m (vPOC); 740m, 685a ca~l (varyl).

Reaction of 7 with Sodium Phenoxide. Polymer 7, derived from Sa (2.68 g,
6.82 wmmol), was allowed to react with excess sodium phenoxide, prepared froam
sodium (2.4 g, 0.10 mﬁl) and phenol (13.5 g, 0.14 mol), in a similar manner to
that described above for the reactions with sodium trifluorcethoxide. However,
this substitution used a solvent syscem of l,4~dioxane at reflux to ensure
complete substitutioan of all the P-Cl linkages. Purification of polymer 9 by
creprecipitation, as described above, gave an off-white, elastomeric material
(2.3 g, 66%). Characterization data are listed in Tables I and IV . The infra-
red spectrum of [NP(OCgHs)],67(CHs)0,331a (9) con:;ined peaks at 3070w (uCH);
1595m, 14908 (uC=C); 1225s (uPN); 1185vs (vPO); 920vs (uvPO); 750s, 670s cm~l
{varyl).

Reaction of Polymer Z with Piperidine. Polyumer Z, derived from 25 (2.48

g, 6.37 mmol), was allowed to react with excess piperidine (15.5 aL, 0.16 mol)
in THF (250 mL) at reflux for 72 h. After this time, the solution was cooled to
room temperature, was coacentrated, and was poured into ethanol (95%, 1800 mlL).
The polymer which precipitated from this solution was recovered by filtration,
was dissolved in a minimum of THF, and precipitated into hexane (1800 al).

Further purification by precipitations from THF into 95% ethanol and THF into
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hexane gave polymer 10 as a white, brittle, film-forming material (1.2 g, 39%).
Characterization daca are listed in Tables I and IV . The infrared spectrum of
[N=P(NC5H]0)1,67(C6Hs)0,33]n (10) contained peaks at 2940s, 2850m (vCH); 1235s

(vPN); 1185vs, 1145m, 1100s, 1045s (uCN); 935s (vPN); 795w, 700m, 680m cm~l

(varyl).

Polymerization of §. These compounds, purified and charged into
polymerizacion tubes as described above, were heated at 250°C. The coantents of
the tubes discolored quickly and never yielded highly viscous products, even
after heating 6a for 22 days and 6b for 32 h. Each sample was derivatized with
sodium trifluorocethoxide and was isolated by reprecipitacioun, as described above.
Both products were trecovered as discolored, slightly adhesive elastomers.
Characterization data are listed in Table IV. The 3lp MR spectrum of
" [NP(OCH2CF3)1,34(CH3)0.33(CeHs5)0,33]n" contained broad resonances at +i7.1
(31), +3.5 (24) and -9.8 ppm (45%), while the infrared spectrum showed peaks at
2965m, 2900w (uCH); 1420s (vPOC); 1280vs, 1220wvs (uPN); 1150vs (uPO); 1075vs
(vCO); 945s (vPO); 840s (vPOC); 730m, 675m cm™l (varyl). The 3lp MR spectrum of
" (NP(OCH2CF3)1,34(a-C4H9)0,33(CeBs)0,33]0" contained broad resonances at +39.9
(25), +21.8 (7.5), +11.4 (7.5), and =10.5 ppm (61%), while the infrared spectrum
showed peaks at 2970w (uCH); 1420m (vPOGC); 1280vs, 1240s (vPN); 116Qvs (uPQ);
1070vs (vCO); 945s (uPO); 845w (uPOC); 740ww, 635vw em™l (varyl).

Copolymerization of 5 with (NPCly)3. Compounds 35a (1.31 g, 3.36 mmol) and

(NPC13)3 (1.26 g, 3.62 mmol) were heated together at 250°C for 13.5 h. Compound ;‘u
5b (2.04 g, 4.70 mmol) and (NPClp)3 (1.6l g, 4.63 mmol) were heated together ac ‘1
250°C for 5.5 h. The 3lP MWMR spectrum of the copolymer derived from Sb and _-d
(NPCly)3 showed resonances at -1.5 (7), ~19.8 (87), and -48.5 ppm (6X). The =
polymeric products were derivatized with sodium trifluoroethoxide, and were

isolaced by precipitation techniques as described above. The copolymers (13) (from
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ggz 0.93 g, 34X; from 29: 1.30 g, 38%) were white, film—forming elastomers.
Characterization data are listed in Tables I and IV. The ratio of substituents
was determined by 3lp NMR spectroscopy and was confirmed by elemental analysis.
The infrared spectra of the copolymers were almost ideantical and showed peaks at
2950m, 2880w (uCH); 1410m (vPOC); 1275vs, 1240s (vPN); 1165vs (uPQ); 1075vs
(vC0); 9558 (vPO); 865m (vPOC); 740m, 685m cm~l (varyl).

Copolymerization of 5a and N3P3ClsMe. Compounds Sa (1.77 g, 4.55 mmol)

and ¥3P3ClsMe (1.49 g, 4.55 mmol) were heated together at 250°C for 29.5 h. The
copolymer was treated with sodium trifluoroethoxide and was isolated by pre-
cipitation techniques, as described above. The copolymer lé was found to be a
white, film-forming, slightly adhesive elastower. Characterization data are
listed in Tables I and IV. The infrared spectrum of [NP(OCH;CF3)),68~
(CH3)0.20(CeHs)0,12]a (16) contained peaks ac 2960m, 2890w (vCH); 1410m (vPOC);
1275vs, 1230vs (vPN); ll65vs (vPQ); 1080vs (uCO); 9558 (vPO); 865m (vPOC); 745w,
685w cm~! (varyl). The ratio of substituents was determined by 3lp WMR

spectroscopy and was coufirmed by elemental analysis.

Copolymerization of 6 with (NPCl;)3. Compound 6a (1.73 g, 4.69 mmol) was

heated with (NPClp)3 at 250°C during 48.5 h. The reaction between 6b (1.48 g,

3.60 mmol) and (NPClj)3 (1.25 g, 3.60 mmol) required 39.5 h at 250°C. The

-
-
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contents of each polymerizatioan tube were discolored and nearly immobile. These
products were treated with sodium trifluorcethoxide and were purified by -

reprecipitation cechniques, as described above. The copolymer derived from b5a

.
‘. .
k4

and (¥PCl;)q was found to have a molecular weight distribution of 2.1 x 103 -

>2 x 106 by GPC, with a median polymer molecular weight of 1 x 109 and maxima at —: Q
3.6 x 105 and >2 x 106, The 3lp MR spectrum contained a resonance at -9.4 ppm
(83%) that was consistent with the presence of P(OCHCF3); groups, and several

broad resonances at 30-40 ppm (17%). The copolymer derived from 6b and (NPC13)3

was found to have a molecular weight distribution of 3.3 x 105 - >2 x 108, wich

a'alatek
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a wedian molecular weight of 1 x 106 and maxima at 5.4 x 105 and >2 x 106. The
3lp @R spectrum contained a resonance at -9.7 (69%, P(OCH3CF3)3) and several
resonances at 36-42 ppm.

Polymerization of N49P4Cl,BrMe. The compound N3P3Cl;BrMe (3.46 g, 9.31 mmol)

was heated at 250°C duriang 1.5 h. After this time, the coatents of the tube were
virtually immobile and slightly yellow. A typical conversion to polymer was 77-88%.,
The halogeno polymer was analyzed by 3lp mr spectroscopy (Table II), and was
derivacized with sodium trifluorcethoxide and {solated by precipitation, as
described earlier. The polymer was recovered (2.1 g, 48%) as a white, elastomeric
material. It was identical to that reported previously prepared from N3P3C15Ms.18
The molecular weight of the polymer was found to be > 1 x 106 by GPC. The infrared
spectrum showed peaks at 2970m, 2900w (vCH); 1420m (vPOC); 1280vs, 123Ss (vEN);
1170vs (vP0); 1070vs (uCO); 9458 (vPO); 855m (VPOC); 640w ca~! (CF3). The 3lp WR
spectrum contained resonances at +18.7 (35%, P(Me)(OCH,CF3)) and at -8.1 ppa (65%,
P(OCHCF3)2).

Polymerization of (NPBrj)3. Hexabromocyclotriphosphazene, (NPBrz)3, (2.65 g,

4,31 mmol) was heated at 220°C for 6.5 h, after which time the molten reaction
mixture was light browm in color and almost immobile. The polymeric material was
removed from the tube and was washed with several portions of hot toluene to remove
c¢yclic species. The material was found to be {nsoluble in l,4-dioxane, toluene, ot
benzene. (THF could not be used because the P-Br bonds may react with this
solvent), However, because the material swelled sufficiently in toluene, a 3l r
spectrum could be obtained (Table II).

Copolymerization of (NPBrz)3_ and (NPCljy)3. Species (NPBrp)3 (1.0 g, 1.63

mmol) and (¥NPCl3)3 (0.57 g, 1.63 mmol) were heated together in . sealed tube at
220°C for 18-24 h, or at 200°C for 82.5 h. In all cases, the contents of the

polymerization tubes discolored and immobilization occurred rapidly. The copolymer
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was removed from the tube and was washed with several portions of hot tolueme to
remove any cyclophosphazenes., The copolymers were insoluble in l,4-dioxane,
toluene, or benzene. However, the materials swelled sufficiently ian toluene to
allow a 31P NMR spectrum to be obtained (Table II).

Analysis of Halogen Substituted Cyclic and Polymeric Phosphazenes by 31p

NMR Spectroscopy. The halogenophosphazene polymers, copolymers, and cyclic

products derived from heating 3, 6, N3P3ClsMe, N3P3CliBrie, (NPCl)j, or (NPBrp)j
in sealed tubes, were analyzed by 31p am spectroscopy. The products were
analyzed by opening the polymerization tubes in a nitrogen filled glove bag,
followed by traansfer of the contents to a Schlenk flask and addition of a ainimum
quantity of toluene. Aliquots of the reaction products were withdrawn via
syringe under a blanket of nitrogen and were introduced into an NMR tube that was
prefilled with nitrogean., For specific cases, as described below, the polymers
were separated from the cyclic species by precipitation into a non-solveant, and
the products were analyzed separately.

Heating of 5b at Temperaturss Insufficient to Promote Polymerization. A

sample of 5b (1.96 g, 4.52 wmol) was heated at 178°C for 72 h. Under these
conditions, no polymerization was detected (by 3lp spectrogcopy). The
cyelic products consisted of 3a (12%), 18 (32), and unreacted 5b (85Z), as
deduced by 3lp spectroscopy. An analysis of the cyclic species by gas
chromatography indicated that the proportions were 3a (17%), 5o (30%), and 18
(32).

A sample of 5b was heated indepeandeatly ac 132°C for 72 h. A 3lp ar
analysis indicated that approximately 3% of the cyclic species had been
converted to polymer, The 3lp wm spectrum of the cyclic products was

consistent with a mixture that consisted of unreacted 5b (53%), 5a (36.52), and
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18 (10.5%2). A GC/MS analysis of the product mixture confirmed the assignments and
indicated a product ratio of 5a (342), S5b (56%), and 18 (9%). Compound 5a was
detected first by the parent (plus proton) ion (m/e 388) with a Cls isotope
pattern. A Cl, pattern was also observed (m/e 352) for loss of chlorine.

Cowpound §§ eluted next, and the mass spectrum contained a parent (plus proton)
ion (m/e 432) with a Cl;Br isotope pattern. Other peaks were observed that
corresponded to loss of chlorine (m/e 396, Cl3Br isotope pattern) and loss of
bromine (m/e 352, Cl; isotope pattern). Compound 18 was identified in the mass
spectrum by the presence of a parent (plus proton) ion (m/e 476) with a Cl3Brj
isotope pattern and by the preseance of peaks that correspouded to loss of chlorine
(m/e 440, ClyBry isotope pattern) and to loss of bromine (m/e 396, Cl3Br isotope
pattern). A cyclotriphosphazene that was noc detected from the 3lp R spectrum
of the reaction products, but was detected by GC/MS, was tentatively identified as
19. This compound ylelded a parent (plus proton) ion (m/e 524, calc. m/e 520) in
the mass spectrum with an unresolved Cl;Brj isotope pattern. An unresolved ClBrj3
pattern (a/e 486, calc., m/e 484) was detected for the loss of chlorine from the
parent ion, and a ClyBr; isocope pattern (m/e 440) was observed for loss of
bromine, The very low concentration of this species (= 1.0%Z) in the product
mixture was responsible for the poor statistical analysis of the mass spectral
data. Therefore, the isotope patterns for the parent (plus proton) and parent
ainus chlorine ions were not fully resolved and not all peaks in the isotope
pattern were observed. These GC/MS data formed the basis for the identificationm
of che products derived from the polymerization of 5b at higher temperatures.

Isolation of Polymer }Z. A sample of polymer l7 was obtained from the

polymerizacion of 5b (1.96 g, 4.52 mmol) at 250°C, as described previously.
Resonances were detected in the Jlp MR spectrum of the polymer sample that

corresponded to P(Ph)Cl (27%), PCly + P(Ph)Br (58%), PClBr (l1X), and PBrj (4X%).
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:I The crude polymer was precipitated from a minimum of toluene into dry

hexanes (250 mL). The adhesive elastomer was redissolved in a minimum volume of

toluene. The 3lp MR spectrum of the precipitated polymer was virtually
identical to that of the crude polymer, with resonances detected for P(Ph)Cl
(26%), PCl; + P(Ph)Br (58%), PC1Br (13%) and PBry (3%). No cyclic
phosphazenes were detected in the 3lp R spectrum of polymer lz after the

reprecipitation process. A 3lp ™R and gas chromatographic analysis of the

cyclic species obtained from the reaction mixture showed the presence of §§
(49%), 5b (40%), and 18 (11Z). Other similar experiments showed ouly the
ti presence of Sa.

b Monitoring of the Polymerization of §§ at 250°C by 3lp R Spectroscopy.

Each of four polymerization tubes was charged with pure 5b (ca. 1.5 g). The

tubes were heated at 250°C and were withdrawn after 2, 4, 6, and 9 1,
respectively. The reaction products were dissolved in a minimum volume of
toluene and were analyzed by 3lp R spectroscopy. The rasults are listed in
Table III. After 2 h reaction, an analysis of the 3lp wm spectrum and the gas
chromatographic profile indicaced that the cyclic products consisted of 5a
(19%), 3b (77%), and 18 (4%). The 3lp R spectrum was compatible with a cyeclic
mixture of ca. 333 §§ after 4 h, and 62% §§ after 6 h.

Interaction of (NPCl;), and S5b at 182°C. A mixture of (NPClp)y (0.61 g,

5.26 mmol) and 3b (1.49 g, 3.44 mol), purified as described previously, was
heated ia a polymerization tube at 182°C for 72 h. The tube was then allowed to

cool to room temperature, and the polymer was recovered by precipitation froa

toluene into dry hexane., An analysis of the 3lp R spectrum of the polymer

redissolved in toluene indicated the presence of PCl; (96X) and PClBr (4%)

units. The cyclic products were analyzed by 3lp R spectroscopy and gas

chromatography and were found to consist of 3a (49%), 5b (362), 18 (122) and ‘lLJ
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19 (32).

Interaction of 17 and 5a at 182°C. Polymer 17 was prepared and isolated

by precipitation techniques, as deéctibed previously. Resonances were detected
in the 3lp MR spectrum of 17 that corresponded to P(Ph)Cl (30%), PCl; + :(Ph)Br
(53%), PC1Br (14%), and PBrz (3%). Polymer 17 (0.2 g) and 5a (0.84 g, 2.16 mmol)
were then heated in a polymerization tube at 182°C for 72 h. The tube was then
allowed to cool to room temperature, and the polymer was racovered by
precipitation from toluene into dry hexane., A 31 wr spectrum of the redissolved
polymer was compatible with a structure that coatained P(Ph)Cl (31Z), PCl; +
P(Ph)Br (62%), and PClBr (7%) units. The cyclic species were analyzed by 3lP MR
spectroscopy and gas chromatography and were found to contain 5a (94%), 5b (6%),
and 18 (0.2%2).

Polymerization of (NPCl;)3 in the Presence of 5a,_ 5b, N3P3ClsMe, N3P3Cl,-

BrMe, or Bzro. = Special care was taken to exclude traces of moisture from these
polymerization mixtures. The cyclophosphazenes were handled in an inert
atmogphere after the final sublimation. Polymerization tubes were connected to a
vacuum line (0,05 torr) after the standard drying procedure and were flame dried.
The tubes were allowed to cool to room temperature while attached to the vacuum
line, and then were transferred to an inert atmosphere chamber, charged wich the

polymerization mixture, and sealed off. Each tube coatained (NPClj)j (15.0 =

0.5 g) (alone for the control) plus 1.0 mol % of the appropriate additive.

Duplicate polymerizations were run in each case.
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scrambling processes, and were identified by lp ww spectroscopy, gas
chromatography, and mass spectrometric techniques (chemical ionizatiom).

In a cypical experiment, N3P3ClsMe (32%, P+l at a/e 326), gem—Me-Br-N3P3Cl,
(342, P+l at m/e 370), non-gem-Me-Br-N3P3Cly (4%, P+l at m/e 370), non-gem-
N3P3Cl3yBroMe (22%, P+l at m/e 414), and N3P3ClyBriMe (7%, P+l at m/e 438)
were identified as cyclic products. The latter two products are methyl

substituted analogues of 18 and 19, 20. The formation of non-gem-Me-Br-

N3P3Cl, was unexpected, and was not observed for the pheayl analogue.

Because the conversion to polymer was so high (see Experimental Section),
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typically ouly 100-200 mg of cyclic phosphazenes were recovered. While

e wm spectroscopy was useful to identify qualitatively the presence of

P(Ph)Cl, PCly, and PClBr resonances, gas chromatography was a more accurate

method to determine the relative proportions of 5a, 5b, £§ aad 19 in the
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product mixtures. Unless noted otherwisa, the product ratios were from gas

chromatographic analyses.

At this stage in the reaction, the ratio of cyclic species was very similar

to that obtained by heating 5b at 178°C for 72 h,

The gmall amount of scrambling and low yleld of polymer after 2 h was not
surprising, as studies with melting point standards indicated that 1.5 h
was required, on the average, for the coantents of the polymer tubes to
reach 250°C.
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Failure to dry the browmine adequately results in a polymerization rate
increase, but this effect can be attributed to the catalytic influence of
water. 2!

Polymerization of (NPCly)3 in the presence of Br; brought about a curious
change in the physical properties of che (NPCl;), high polymer, changes
that could be attribuced to a decrease in crystallinicy. However, after
treatment of the (NPClp), with sodium trifluoroethoxide, the resultant

(NP(OCHCF3) 2] was identical in molecular weight and appearance to that
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derived from pure (NPCl;)3. The lower yield of the resultant [NP(OCH;- T

CF3)2lqy, relative to the control, could indicate that a significant amouat LA

of lower molecular weight species was also formed.

33. Pauling, L. "The Nature of the Chemical Bond”; Cormell University Press:
Ithica, 1960. ,?

34, Rauffwan, G. B.; Teter, L. A. Inorg. Synth. 1963, 7, 9. o

L —




35

Table I. Polymer 31? ¥MR Data (Organo-substituted)

Polymer P(R)(OR'), ppm P(OR')>, ppm
.Eu-r(ocazcr3)x(c635)y}n @, 1 +5.6 - 8.2%
- pa
e P(°C635)1.67(C635)0.33_(n 52 - 3.3 - 19.6
t.
4 [yaP (NC c.H 1
V=PONCGH, )1 67 (CeB9)g 337 A0) - 6.3 - 6.3
5 n
; 'EN'P(OCHZCF3)1.68(CH3)0.20(C6HS)0.12}n +19.3° - 7.4
(16) +6.1°

2 These values were virtually identical for the homopolymers derived from Sa 5
(x = 1.67, y = 0.33), the homopolymers derived from 5b (x = 1.67, y = 0.33), ;"if
the 1:1 copolymer derived from Sa and (NPC12)3 (x = 1.83, y = 0.17), and ‘fj
the 1:1 copolymer derived from 5b and (NPC12)3 (x = 1.80, y = 0.20).

b The assignment of these resonances was as follows: P(CHB)(OCHZCF3): + 19.3 ppm;
-
P(C6H5)(OCH2CF3): + 6.1 ppm. ﬁ
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. Table IIla. 31? MMR Analysis of the Cyclotriphosphazenes Present during
B the Polymerization of 5b.
} Resonances 2
. Time %X of Reaction Mixture Observed Integrated Area (%)
f.
i 0 100% P(Ph)Cl 0
PC1, 67
P(Ph)Br 33
PCl3r 0
2 89 P(Ph)Cl 5
PCl2 66 |
P(Ph)Br 27 "
PClBr 2 .
4 39 P(Ph)ClL 11 ]
PCl, 61 } ?
P(Ph)Br 22 T
PC1Br 6 O
6 25 P(Ph)Cl 21 B
T
PCl2 59 'R
P(Ph)Br 10 i
PClBr 10 )
9 12 P(Ph)C1 33 '
PC].2 50 - 41
P(Ph)Br 0 o]
PC1Br 17 R

",’:
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Table IIla (continued)

The 31? NMR resonances were observed as follows: P(Ph)Cl: 28.5 (t),

JPNP = 15.1; PCl2 NP T

JPN‘P = 8.2 Hz; PClBr: ca. =-5.4 (m) ppm, coupling unresclved. The

: 20.6 (d), J 8.2; P(Ph)Br: 14.8 (t) ppm,

P(Ph)Cl resonance was attributed to 5a, while the P(Ph)Br resonance

indicated the presence of 5b. The resonances at ca. -5.4 ppm were

assigned6 to PClBr, and corresponded to 18. All values were for samples

in toluene.
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3
Table IIIb 1? NMR Analysis of the Polyphosphazenes Present during the

Polymerization of 5b.

a
Resonances

Integrated
Time % of Reaction Mixture Observed Area (%)
0] 0 P(Ph)C1 0
P(Ph)Br + PCl2 0
PClBr ]
P8r2 0
2 11 P(Ph)Cl 0
P(Ph)Br + PCl2 100
PClBr 0
PBrZ 0
4 61 P(Ph)C1l 21
P(Ph)Br + PCl2 69
PClBr
PBr2
6 75 P(Ph)Cl 22
P(Ph)Br + PClz 63
PClBr 10
S
PBr2
9 88 P(Ph)C1 25
P(Ph)Br +P012 61
PClBr 11
PBrZ 3
a

The observed chemical shifts for these resonances are listed in Table II.
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Figure 1. The “~P NMR spectrum of the poly(halogenbphosphazene) derived

from N3P3C148r(Ph), 5b, in toluene solutiom.
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